Introduction
============

Cholangiocarcinoma (CC) is a malignant tumor originating from epithelial cells lining the biliary tree ([@b1-ijo-56-03-0709],[@b2-ijo-56-03-0709]). Intrahepatic CC arises within the liver and extrahepatic CC in the bile ducts along the hepatoduodenal ligament. CC is usually clinically silent or associated with non-specific symptoms in the early stages of the disease ([@b3-ijo-56-03-0709],[@b4-ijo-56-03-0709]). CCs are relatively rare, although their incidence is increasing worldwide, being second most common primary liver tumor following hepatocellular carcinoma ([@b1-ijo-56-03-0709],[@b2-ijo-56-03-0709],[@b5-ijo-56-03-0709]). Intrahepatic and extrahepatic CC are probably dissimilar tumors, and this is supported by recent *in vitro* evidence, as these neoplasms express diverse proteins, have different cell shapes, doubling times, chromosome alterations and chemo-sensitivity ([@b6-ijo-56-03-0709]). The therapeutic options for CC are limited due to late diagnosis and need to be adapted to each case. Tumor resection is the only potential cure for CC. However, a number of patients are not considered surgical candidates due to comorbidities or an advanced age ([@b7-ijo-56-03-0709],[@b8-ijo-56-03-0709]), and the median survival of patients with unresectable tumors is 6-12 months ([@b2-ijo-56-03-0709],[@b7-ijo-56-03-0709],[@b8-ijo-56-03-0709]). Thus, nearly half of patients with CC are only candidates for palliative treatments ([@b2-ijo-56-03-0709],[@b4-ijo-56-03-0709],[@b9-ijo-56-03-0709]). Therefore, the search for more effective therapeutic strategies for CC is mandatory.

According to recent publications, a significant number of CC cases expresses natrium-iodide symporter (NIS) at the cell membrane, which may represent a key target for a novel therapeutic approach based on metabolic radiotherapy using iodine-131 (^131^I) ([@b10-ijo-56-03-0709]-[@b12-ijo-56-03-0709]). NIS is a glycosylated integral membrane protein that mediates the active transport of iodine into cells. Location at cell membrane seems to be essential to iodine uptake ([@b13-ijo-56-03-0709]-[@b15-ijo-56-03-0709]). It is known that thyroid follicular cells exhibit constitutive NIS expression ([@b13-ijo-56-03-0709]). Their ability to accumulate iodine through NIS was the basis for the development of diagnostic tools, but also for use in therapy with ^131^I to destroy hyperfunctional thyroid tissue, such as tumor tissue and metastases ([@b15-ijo-56-03-0709]). Several publications highlight NIS expression in non-thyroidal tissues, reporting NIS immunostaining in \>15 types of human tissues and different types of tumors ([@b10-ijo-56-03-0709],[@b16-ijo-56-03-0709]-[@b20-ijo-56-03-0709]). NIS expression in CC in human tissues was described for the first time in 2007 ([@b10-ijo-56-03-0709]). It was found that NIS is expressed by cholangiocytes of the bile duct epithelium of patients with CC. However, NIS expression found in normal bile duct cells was very low in contrast to the higher expression by proliferating cells, both in tumors and non-tumor areas adjacent to CC samples from the patients included on that study ([@b10-ijo-56-03-0709]). Recently, in 2012, Kim *et al* demonstrated that in 60 cases of CCs examined, \>98% of these expressed NIS, although only 33.3% expressed this protein at the cell membrane ([@b11-ijo-56-03-0709]). Therefore, NIS may be a target for the development of novel therapeutic tools for CC, based on the acquisition and retention of iodine, such as ^131^I ([@b10-ijo-56-03-0709],[@b11-ijo-56-03-0709]). Moreover, in extrahepatic CCs, to date, there are no studies available concerning NIS expression, at least to the best of our knowledge.

Metabolic radiotherapy using ^131^I is already used in the treatment of thyroid disorders, namely for the ablation of remaining thyroid tissue or for the treatment of residual, recurrent or metastatic disease, being one of the most successful anticancer therapies ([@b21-ijo-56-03-0709],[@b22-ijo-56-03-0709]). Thus, the aim of this study was to elucidate the role of NIS receptor as a potential agent for use in the treatment of CC with ^131^I therapy.

Materials and methods
=====================

Cells and cell culture
----------------------

Human cell lines of extrahepatic CC (TFK-1, Deutsche Sammlung von Mikroorganismen und Zellkulturen) and intrahepatic CC (HuCCT1, JCRB0425, JCRB Cell Bank) were used, together with the human immortalized non-malignant intrahepatic cholangiocytes cell line, H69 ([@b23-ijo-56-03-0709]). CC cells were cultured according to manufacturer\'s instructions, in RPMI-1640 (R4130 Sigma-Aldrich) supplemented with 5% fetal bovine serum (F7524, Sigma-Aldrich), 1% antibiotic/antimycotic (15240, Gibco®) and sodium pyruvate (11360, Gibco®; Thermo Fisher Scientific) at 400 mM, pH 7.4. H69 cells were cultured as previously described in the study by Hohenester *et al* ([@b24-ijo-56-03-0709]). The cells were maintained in a humidified atmosphere, 37°C and 5% CO~2~ \[Heraeus HeraCell 150 CO~2~ Incubator (BridgePath Scientific)\]. Cells at \<15 passages were used.

Irradiation with ^I3I^I
-----------------------

Irradiation of the cells with ^131^I was carried out according to a previously established protocol ([@b25-ijo-56-03-0709]). The cells were exposed to internal radiation with ^131^I (IBA Molecular) for 5 min, using different activities to achieve different radiation exposure doses as summarized in [Tables SI and SII](#SD1-ijo-56-03-0709){ref-type="supplementary-material"}. Following exposure to ^131^I, the cells were washed with phosphate-buffered saline (PBS). Doses were calculated assuming the worst-case scenario, i.e., all the emitted energy in the decay process was absorbed by the cells. The radiation exposure dose was calculated using the following equation:

where \'D\' represents the absorbed dose (Gy), \'A~0~\' represents the initial activity of the radioactive source (mCi), ^\'T^1/2^\'^ represents the half-life (sec), \'t\' represents the irradiation time (sec). $\overline{E}$ \' represents the average energy per disintegration (eV) and \'M\' represents the sample mass subjected to irradiation (kg).

Determination of NIS protein expression
---------------------------------------

NIS protein expression was evaluated by immunofluorescence methods. Briefly, 1×10^5^ cells were plated in 12 multi-well plates. After 24 h, the cells were irradiated with 20 Gy of ^131^I. At 2 h post-irradiation, the control and irradiated cells were incubated with anti-NIS primary antibody \[NIS (N-15), sc-48055, Santa Cruz Biotechnology\] and secondary antibody (Alexa Fluor® 488, rabbit anti-goat IgG, A-11078, Life Technologies®; Thermo Fisher Scientific) according to the manufacturer\'s instructions. The cells were then incubated with Hoechst 33342 (B1153, Sigma Aldrich®). After processing, the slides were observed under a fluorescence microscope (Leica DM 4000 B). Images were analyzed using ImageJ version 1.52 g software to quantify NIS expression (total and membrane).

^131^I uptake analyses
----------------------

For uptake analyses, a suspension of CC cells at 2×10^6^ cells/ml was prepared in 25 cm^2^ flasks. Subsequently, ^131^I was added at 9.25×10^5^ Bq/ml after achieving steady-state conditions. The samples were removed to microtubes containing cold PBS for uptake determination at 5, 30, 60, 90 and 120 min. During radiotracer uptake analyses, for every sample, the cells were resuspended to ensure uniformity. Cell suspensions were then centrifuged at 5,600 × g for 1 min, at 4°C. The radioactivity of the cell pellets and supernatants was measured separately with a well-type gamma counter (Capintec, Inc. CRC, 25W) to determine the ^131^I uptake percentage. Cell viability was assessed by the trypan blue exclusion test at the conclusion of the experiments, as previously described ([@b26-ijo-56-03-0709],[@b27-ijo-56-03-0709]). Briefly, a cell suspension was mixed with trypan blue (1:1 ratio). Subsequently, the viable cells, which do not incorporate the trypan blue dye, and dead cells, which are dyed blue, were counted to calculate the percentage of cell viability, and thus, to ensure that cell death did not occur during the experiment. Uptake curves were obtained from modeling to 1st degree systems resulting in exponential equations. The adjustment of these curves to experimental data was performed by the Levenberg-Marquardt optimization method, an algorithm that is an iterative technique that locates the minimum of a function that is expressed as the sum of squares of nonlinear functions ([@b28-ijo-56-03-0709],[@b29-ijo-56-03-0709]) and 95% confidence intervals were obtained in addition to coefficients of adjustment. We determined maximal uptake and half-time to each cell line. Matlab R2014a software was used.

Cell survival analysis
----------------------

Cell survival was evaluated by clonogenic assay ([@b25-ijo-56-03-0709]). Briefly, 1.5×10^6^ cells were plated in 25 cm^2^ flasks and subsequently irradiated with ^131^I (3.5, 20 and 60 Gy), apart from the control cells. At 12 days post-irradiation, the cells were fixed with methanol and stained with crystal violet for 5 min, at room temperature. Colonies with \>50 cells were counted and efficiency plate (EP) and survival factor (SF) were determined.

Viability and cell death
------------------------

The effects of ^131^I on cell viability and types of induced cell death were determined by flow cytometry using Annexin-V/propidium iodide (AnV-PI) (KIT Immunotech). Briefly, cells were irradiated with ^131^I (10, 20 and 60 Gy). After 48 h, the control and irradiated cells were double-labeled with AnV conjugated with fluorescein isothiocyanate (AnV-FITC) and PI as previously described ([@b31-ijo-56-03-0709]).

Cell cycle analysis
-------------------

For cell cycle analysis, the cells were previously irradiated with 10, 20 and 60 Gy of ^131^I. After 48 h, the control and irradiated cells were fixed and incubated as previously described ([@b31-ijo-56-03-0709]).

Analysis of NIS gene expression
-------------------------------

Total RNA was extracted using TRIzol® reagent (Ambion®) and quantified in a QUBIT 2.0 fluorometer according to the manufacturer\'s instructions. First-strand cDNA was synthesized using the High Capacity cDNA® kit (Applied Biosystems). Transcription levels were normalized to the GAPDH and *fi-actin* genes and the qPCR reaction was conducted using the *StepOne Plus™ Real Time-PCR®* system (Applied Biosystems). The samples were processed at 95°C for 10 min, followed by 40 cycles at 95°C for 15 sec and 60°C for 1 min. The oligonucleotide primers were purchased from Thermo Fisher Scientific and were as follows: NIS, Hs00166567_m1; GAPDH, Hs02786624_g1 and Hs01060665_g1. NIS relative gene expression was determined by the 2^−ΔΔCq^ comparative method, which relates the mean expression of normalizing genes used as an endogenous control and the mean expression of genes of interest ([@b32-ijo-56-03-0709]). All samples were tested in triplicate and expressed as the relative difference of n-times in relation to calibrator (controls). Negative controls were included for all reactions.

Karyotyping
-----------

Metaphase chromosomes from the TKF-1 and HuCCT1 cells without treatment and from cells irradiated with 1, 20 and 60 Gy of ^131^I were prepared and analyzed by GTG-banding using standard protocols ([@b33-ijo-56-03-0709]). Briefly, the chromosomes of 32 metaphases were analyzed and then metaphases were digitally imaged and karyotyped resorting to a microscope (Eclipse-400, Nikon) and karyotyped using a Cytovision software version 3.93.2 (Applied Imaging System).

DNA extraction
--------------

DNA from the CC cells treated with or without irradiation and from the control cultured cells of gingival tissue obtained from healthy patients undergoing surgical removal of wisdom teeth was extracted using the High Pure PCR Template Preparation kit (Roche GmbH), according to the manufacturer\'s recommendations. The DNA concentration and purity were measured using a NanoDrop1000 Spectrophotometer (Thermo Fisher Scientific).

Array CGH
---------

High-resolution whole genome analyses (aCGH) were performed using Agilent SurePrint G3 Human Genome microarray 180 K (Agilent Technologies), as previous described ([@b34-ijo-56-03-0709]). DNA of both cell lines without irradiation and those treated with 60 Gy were labeled with Cy5 by random primer labeling. DNA from a male commercial control (Agilent Technologies) was labeled with Cy3. The results were analyzed using Agilent Genomic Workbench v6.5 software with the following settings: ADM2 as aberration algorithm, threshold of 6.0, moving average 2 Mb. The 3 are according to Human Genome build 19 and include imbalances with at least three consecutive probes with abnormal log2 ratios. The results are presented accordingly to GRCh37/hg19.

Methylation-specific multiplex ligation-dependent probe amplification (MS-MLPA)
-------------------------------------------------------------------------------

MS-MLPA analyses were performed using ME002 probemix (MRC-Holland), which can simultaneously detect copy number alterations (CNAs) in 38 tumor suppressor genes and aberrant methylation patterns in a subset of 25 of these genes as previously described ([@b33-ijo-56-03-0709]). All MS-MLPA reactions were performed according to a previous study ([@b35-ijo-56-03-0709]) using DNA from both cell lines and all doses of irradiation.

Statistical analysis
--------------------

Statistical analysis was performed using IBM SPSS v.20 software (IBM Corp.). In descriptive analysis, measures of central tendency (mean and median) and dispersion (standard deviation and interquartile range) for quantitative variables were determined. The normal distribution of these variables was assessed using the Shapiro-Wilk test. For normal underlying distributions, parametric tests were used and non-parametric tests in the opposite case. Comparisons of quantitative variables between 2 groups were performed using a Student\'s t-test (parametric) and the Mann-Whitney U test (non-parametric). Comparisons of quantitative variables between \>2 groups were carried out using one-factor ANOVA with post hoc analysis using Tukey\'s test (parametric tests) and the Kruskal-Wallis test, with multiple comparisons performed using the Mann-Whitney U test with the Bonferroni correction. To analyze the results of clonogenic assay, data were adjusted to linear quadratic model using OriginalLab v.8.0 software. A significance level of 5% was considered and a value of P\<0.05 was considered to indicate statistically significant differences.

As described above, for uptake assays, the curves were obtained from modeling to 1st degree systems resulting in exponential equations. Following the adjustment of these curves to experimental data, 95% confidence intervals were obtained in addition to coefficients of adjustment. Significant differences are considered when there was no overlap of the 95% confidence intervals.

Results
=======

NIS protein expression
----------------------

NIS protein expression in the CC and cholangiocytes was assessed by immunofluorescence. Representative images of NIS expression in the CC and cholangiocytes (membrane and total), the controls and following irradiation (20 Gy), as well as quantification as mean intensity of fluorescence (MIF) are presented in [Fig. 1](#f1-ijo-56-03-0709){ref-type="fig"}.

As shown in [Fig. 1A](#f1-ijo-56-03-0709){ref-type="fig"}, the TFK-1 and HuCCTl CC cells exhibited a higher NIS expression compared to the cholangiocytes. MIF quantification revealed that NIS expression was cell line-dependent. In the cholangiocytes (H69 cells, [Fig. 1B](#f1-ijo-56-03-0709){ref-type="fig"}), in the controls, total NIS expression was significantly higher than membrane expression (5.05±0.99 vs. 3.03±0.24; P\<0.001). The total NIS expression in the controls was also significantly higher than the total expression following exposure to 20 Gy of ^131^I (2.13±0.30; P\<0.001). Moreover, the membrane expression in the control cells was significantly higher compared to the membrane expression following exposure to ^131^I (1.88±0.06, P=0.002).

In the TFK-1 cells ([Fig. 1C](#f1-ijo-56-03-0709){ref-type="fig"}), in the controls, no significant differences were observed between the NIS total and membrane expression (18.50±2.99 vs. 17.85±2.49). NIS total expression was significantly higher in the controls than following exposure to ^131^I (14.48±2.20; P\<0.001). The membrane expression in the control cells was also significantly higher than following exposure to ^131^I (13.01±2.47; P\<0.001). Additionally, the NIS total expression following exposure to ^131^I was significantly higher compared to membrane expression (P=0.029).

As regards the HuCCT1 cells ([Fig. 1D](#f1-ijo-56-03-0709){ref-type="fig"}), in the controls, no significant differences were observed between NIS total and membrane expression (12.60±1.75 vs. 12.16±1.38). No differences were also observed between total NIS expression in the control cells and the irradiated cells (11.79±1.11). Moreover, NIS membrane expression was significantly higher in the control cells compared to the irradiated cells (9.08±1.31; P\<0.001). Following exposure to 20 Gy, the total NIS expression was significantly higher compared to membrane expression (P\<0.001).

The results of the comparison of NIS expression between cell lines are described in [Fig. 1E](#f1-ijo-56-03-0709){ref-type="fig"} (total NIS expression) and [Fig. 1F](#f1-ijo-56-03-0709){ref-type="fig"} (membrane NIS expression). In the control cells, total NIS expression was significantly lower in the H69 cells compared to the TFK-1 cells (P\<0.001) and HuCCT1 (P\<0.001) cells. In the controls, the TFK-1 cells exhibited a higher NIS total expression compared to the HuCCT1 cells (P\<0.001). As regards NIS membrane expression, in the control cells, the expression was significantly lower in the H69 compared to the TFK-1 (P\<0.001) and HuCCT1 (P\<0.001) cells. The TFK-1 cells exhibited a higher NIS membrane expression in the control cells, compared to the HuCCT1 cells (P\<0.001) ([Fig. 1E and F](#f1-ijo-56-03-0709){ref-type="fig"}).

Following exposure to ^131^I, differences in NIS expression were observed between the cholangiocytes and CC cells. Thus, the H69 cholangiocytes presented a significantly lower NIS total expression compared to the CC cells TFK-1 (P\<0.001) and HuCCT1 (P\<0.001). The TFK-1 cells exhibited a higher NIS expression compared to the HuCCT1 cells (P\<0.001). As regards NIS membrane expression following irradiation, the H69 cells exhibited a significantly lower expression compared to the TFK-1 and HuCCT1 cells (P\<0.001) ([Fig. 1E and F](#f1-ijo-56-03-0709){ref-type="fig"}).

^131^I uptake
-------------

Following incubation of the cell lines with ^131^I, we determined the ^131^I profile. The results ([Table I](#tI-ijo-56-03-0709){ref-type="table"}) revealed a significant increase in the maximal uptake value when comparing the HuCCT1 (0.13%; 95% CI: 0.11-0.15%) with the TFK-1 cells (0.20%; 95% CI: 0.19-0.21%). As regards the half-life time, the results revealed no statistically significant differences between the two cell lines.

Cell survival
-------------

We evaluated effects of irradiation with ^131^I on the survival of cholangiocytes ([Fig. 2A](#f2-ijo-56-03-0709){ref-type="fig"}) and the TFK-1 ([Fig. 2B](#f2-ijo-56-03-0709){ref-type="fig"}) and HuccT1 ([Fig. 2C](#f2-ijo-56-03-0709){ref-type="fig"}) CC cells by clonogenic assay. In the cholangiocytes, we observed a significant increase in cell survival following exposure to 3.5 Gy (116.95±6.21%; P\<0.001) and a statistically significant decrease following exposure to 20 Gy (81.85±8.54%; P\<0.001), with no statistically significant difference observed at 60 Gy (106.21±4.37%), compared to the controls. Cell survival following exposure to 3.5 Gy was statistically significantly higher compared to that at 20 Gy (P\<0.001) and 60 Gy (P=0.004). Cell survival following exposure to 20 Gy was significantly lower compared to that at 60 Gy (P\<0.001) ([Fig. 2A](#f2-ijo-56-03-0709){ref-type="fig"}).

In the TKF-1 cells, irradiation with 3.5 Gy significantly decreased cell survival compared to the controls (72.42±3.85%; P\<0.001). Irradiation with 20 and 60 Gy induced a significant decrease in cell survival compared to the controls, (38.73±2.51%; P\<0.001 for 20 Gy and 32.42±7.52%; P\<0.001 for 60 Gy). Cell survival following irradiation with 3.5 Gy was significantly higher compared to that at 20 Gy (P\<0.001) and 60 Gy (P\<0.001) ([Fig. 2B](#f2-ijo-56-03-0709){ref-type="fig"}).

The HuCCT1 cells exhibited a significant decrease in cell survival following exposure to 3.5 Gy (37.48±11.96%%; P\<0.001), 20 Gy (28.43±4.50%%; P\<0.001) and 60 Gy (7.17±2.80%%; P\<0.001), compared to the controls. Moreover, cell survival decreased with the increasing radiation doses, as cell survival was significantly lower following irradiation with 60 Gy compared to that at 3.5 and 20 Gy (P\<0.001) and cell survival following irradiation with 20 Gy was significantly lower compared to that at 3.5 Gy (P=0.034) ([Fig. 2C](#f2-ijo-56-03-0709){ref-type="fig"}).

Depending on the cell line, irradiation with ^131^I promoted varying effects on cell survival. In a general, the survival of the CC cells decreased as the ^131^I irradiation dose increased. The intrahepatic HuCCT1 CC cells were more sensitive to irradiation with ^131^I. We observed that the survival of the cholangiocytes was higher than that of the TFK-1 and HuCCT1 cells (P\<0.001) following exposure to ^131^I for all doses ([Fig. 2D](#f2-ijo-56-03-0709){ref-type="fig"}). Considering these results, the analyses of the effects of ^131^I and cytogenetic analyses were only performed on the CC cell lines.

Cell viability and cell death
-----------------------------

We evaluated cell viability and the type of cell death following irradiation with ^131^I by Annexin V-FITC and propidium iodide double labeling. The results ([Fig. 2E and F](#f2-ijo-56-03-0709){ref-type="fig"}) revealed that cell viability and the type of cell death were highly dependent on the cell line and irradiation dose. In the TFK-1 cells ([Fig. 2E](#f2-ijo-56-03-0709){ref-type="fig"}), irradiation induced a significant decrease in cell viability following irradiation with 10 Gy (67.17±5.42%; P\<0.001), 20 Gy (63.50±4.09%; P\<0.001) and 60 Gy (61.00±3.63%; P\<0.001), compared to the controls (89.17±3.19%). The decreased cell viability was due to the increased percentage of cells in initial apoptosis following radiation with 10 Gy (23.83±7.57%; P=0.013), 20 Gy (27.83±5.31%; P\<0.001) and 60 Gy (31.17±5.56%; P\<0.001), compared to the controls (4.83±1.83%). No significant alterations in cells undergoing cell death by late apoptosis/necrosis and necrosis were observed following irradiation, compared to the controls.

The irradiated HuCCTl cells ([Fig. 2F](#f2-ijo-56-03-0709){ref-type="fig"}) exhibited no significant alterations in cell viability compared to the control cells. However, we observed a statistically significant increase in the number of cells undergoing cell death by apoptosis following irradiation with 10 Gy (4.25±0.50%; P=0.002), 20 Gy (6.25±1.26%; P=0.015) and 60 Gy (6.00±0.82%; P=0.002), compared to the controls (1.25±0.50%). Irradiation with ^131^I did not significantly alter the number of cells undergoing late apoptosis/necrosis and necrosis.

Cell cycle alterations
----------------------

Exposure of the CC cells to ^131^I led to cell cycle arrest in the different phases. In the TFK-1 cells ([Fig. 2G](#f2-ijo-56-03-0709){ref-type="fig"}), no marked changes were observed in the pre-apoptotic peak following irradiation with 10 Gy (1.75±1.50%), 20 Gy (2.00±0.00%) and 60 Gy (1.33±0.58%), compared to the controls (1.00±0.82%). As regards cells in the G~0~/G~1~ phase, no statistically significant differences were observed following irradiation with 10 Gy (57.50±2.51%), 20 Gy (57.00±3.16%) and 60 Gy (57.17±1.60%), compared to the controls (61.72±5.71%). Similarly, there were no significant alterations in the percentage of TFK-1 cells blocked in the S phase following irradiation with 10 Gy (28.33±3.08%), 20 Gy (28.83±2.64%) and 60 Gy (25.83±1.47%), compared to the control cells (27.20±4.16%). As regards the G~2~/M phase, we observed a tendency towards a higher number of cells blocked in this phase following irradiation with 10 Gy (14.12±2.23%), 20 Gy (14.17±3.31%) and 60 Gy (17.00±063%), compared to the controls (12.13±1.55%).

In the HuCCT1 cells ([Fig. 2H](#f2-ijo-56-03-0709){ref-type="fig"}), there were no statistically significant alterations observed in the cells at the apoptotic peak (pre-G0) following irradiation with 10 Gy (0.25±0.50%), 20 Gy (0.25±0.50%) and 60 Gy (0.75±0.50%), compared to the controls (0.00±0.00%). However, a tendency towards an increased number of cells in the pre-G~0~ phase was observed. As regards the G~0~/Gj phase, no statistically significant differences were observed following irradiation with 10 Gy (61.25±0.50%), 20 Gy (59.25±0.50%) and 60 Gy (58.00±1.83%), compared to the controls (57.50±8.10%). Irradiation with ^131^I did not alter the percentage of cells arrested in the S phase even following irradiation with 10 Gy (20.50±2.38%), 20 Gy (21.75±3.20%) and 60 Gy (20.25±3.86), compared to the controls (26.25±6.08%). No statistically significant differences were observed in the cells in the G~2~/M phase following irradiation with 10 Gy (18.25±2.75%), 20 Gy (18.75±3.20%) and 60 Gy (21.75±5.56%), compared to the controls (16.25±2.06%).

As for the differences between the CC cells, we observed a significantly higher percentage of TFK-1 cells in the pre-apoptotic peak following irradiation with 20 Gy compared with the HuCCT1 cells (P=0.037). We also observed a statistically significant higher percentage of TFK-1 cells blocked in the S phase following irradiation with 10 Gy compared to the HuCCT1 cells (P=0.026) ([Fig. 2I](#f2-ijo-56-03-0709){ref-type="fig"}).

mRNA NIS expression
-------------------

NIS mRNA expression was evaluated in the TFK-1 and HuCCT1 CC cells. The results ([Table II](#tII-ijo-56-03-0709){ref-type="table"}) are expressed relative to the control cells, at 2, 48 h and 12 days following irradiation with 1, 20 and 60 Gy.

In the TFK-1 cells, irradiation with 1 Gy induced a significant increase in NIS mRNA expression over time (2 h, 3.477±0.195; 48 h, 5.087±0.103; and 12 days, 11.718±0.183; P=0.049). Following irradiation with 20 Gy, NIS mRNA expression increased at 48 h (9.205±0.327), compared to 2 h (0.748±0.160; P=0.002). A significant decrease was then observed after 12 days, compared to 48 h following irradiation (5.759±0.103; P=0.002). Following irradiation with 60 Gy, we observed an increase in NIS mRNA expression over time (2 h, 2.473±0.143; 48 h, 4.688±0.490; and 12 days, 5.426±0.289; P=0.003). The results at 2 h following irradiation revealed a higher NIS gene expression (P=0.03) following irradiation with 1 Gy, compared to that at 20 and 60 Gy (P=0.03). Moreover, at 48 h following irradiation, we observed differences in mRNA NIS expression dependent on the dose of exposure. There was a significant increase in NIS gene expression following irradiation with 20 Gy compared with 1 Gy (P=0.03). On the other hand, exposure to 60 Gy induced a decreased mRNA NIS expression, compared to exposure to 20 Gy (P=0.03). The NIS gene expression levels decreased with the increasing doses from 1 to 20 Gy and 60 Gy, at 12 days following irradiation, with differences observed between 1 and 20 Gy and between 1 and 60 Gy (P=0.02).

In the HuCCT1 cells, following irradiation with 1 Gy, we observed a significant increase in NIS mRNA expression with the increasing time following exposure (2 h, 0.000132±0.000028; 48 h, 3.736±0.086, P=0.003; and 12 days, 7.407±0.390, P=0.003). Moreover, we observed an increase in NIS mRNA expression over time following irradiation with 20 Gy (2 h, 0.0189±0.0002; 48 h, 4.059±0.403, P=0.003 and 12 days: 7.006±0.593, P=0.003). The results revealed an increase in NIS mRNA expression following irradiation with 60 Gy after 48 h (0.964±0.037) compared to 2 h (0.0215±0.0008, P=0.003), followed by a significant decrease after 12 days (0.000050±0.000004, P=0.003).

At 2 h of evaluation, NIS gene expression gradually increased with the increasing doses, as we observed a significant increase at the dose of 60 Gy, compared to 1 Gy (P=0.049). The results obtained at 48 h following irradiation revealed an increased NIS gene expression between doses of 1 and 20 Gy, with a subsequent significant decrease in 60 Gy (P=0.049). At 12 days following irradiation, the NIS gene expression levels were very similar between 1 and 20 Gy. However, a tendency towards decreased levels between the above-mentioned doses and 60 Gy was observed.

Cytogenetic analysis
--------------------

Numerical and structural chromosomal abnormalities ([Fig. 3A and B](#f3-ijo-56-03-0709){ref-type="fig"}) were found in both cell lines, that are near-triploid with an average number of 70 chromosomes. Shared numeric alterations in both cell lines were observed, namely extra chromosomes 1 and 5. Chromosomes 13 and 18 were lost in both cell lines. Structural chromosome alterations were frequently found, such as gains of material, particularly in chromosomes 1, 5, 11, 14 and 20 ([Table III](#tIII-ijo-56-03-0709){ref-type="table"}). Other structural rearrangements were found in several chromosomes, particularly in chromosomes 1, 2, 3, 5, 11, 14, 15 and 17 in the TFK-1 cells and in chromosomes 1, 3, 4, 10, 11 and 14 in the HuCCT1 cells ([Fig. 3A and B](#f3-ijo-56-03-0709){ref-type="fig"}, respectively). Although some common rearrangements were observed in both cell lines, as far as the deletion of short arm of chromosome 3 and the presence of isochromosome of the short arm of chromosome 5 was concerned, they also presented differences, namely the presence of isochromosomes was more frequently found in the TFK-1 cells. There were no major differences between the cell lines following irradiation, although, by a microscopic inspection, the mitotic index seems to be decreased (data not shown). [Table III](#tIII-ijo-56-03-0709){ref-type="table"}, presents a summary of the results obtained by karyotyping, aCGH and MS-MLPA for both cholangiocarcinoma cell lines.

Copy number alterations detected by aCGH
----------------------------------------

The whole genomic approach helped establishing breakpoints, as well as copy number gains and losses in both cell lines ([Table III](#tIII-ijo-56-03-0709){ref-type="table"} and [Fig. 3C](#f3-ijo-56-03-0709){ref-type="fig"}). The loss of entire chromosome 18, 6q and 13q, and the gain of 5p, 1q, 3q, 17q and 20q was observed in both cell lines ([Fig. 3C](#f3-ijo-56-03-0709){ref-type="fig"}). Of note, these two cell lines presented some opposite results, namely the loss of entire chromosome 16 in the HuCCT1 cells and the gain of this chromosome in the TFK-1 cells. Moreover, the X chromosome presented a loss in the TFK-1 cells and a gain in the HuCCT1 cells. TFK-1 cells presented specifically loss of entire 4q, 9p, 21q and most of 9q, 11p, 17p and 19p and gain of 15q and partial gain of 1p, 2p and 3p. The HuCCT1 cells exhibited a loss of 4p, 8p and 10p, and a gain of 5q, 7p, 8q, 11q, 12p, 14q and 20p, and almost a total gain of the Y chromosome. In both cell lines, major differences were not observed considering the genomic results obtained at 60 Gy comparatively to the non-irradiated cells ([Table III](#tIII-ijo-56-03-0709){ref-type="table"}). Array-CGH and cytogenetic analysis results are congruent as described ([Table III](#tIII-ijo-56-03-0709){ref-type="table"}).

Copy number alterations and methylation signature based in MS-MLPA
------------------------------------------------------------------

We analyzed 25 genes for methylation signature, where the *ESR1, PAX5, WT1* and *CDH13* genes were methylated in both cell lines without and following irradiation with ^131^I ([Fig. 3D and E](#f3-ijo-56-03-0709){ref-type="fig"}). *TP73* and *MGMT* gene promoter methylation was only observed in the TFK-1 cells ([Fig. 3D](#f3-ijo-56-03-0709){ref-type="fig"}). Following irradiation with 1, 30 and 60 Gy, the TFK-1 cells presented *MSH6* gene promoter methylation. The HuCCT1 cells presented *MSH6, PAX6, CADM1 and GATA5* gene methylation without and after all doses of ^131^I ([Fig. 3E](#f3-ijo-56-03-0709){ref-type="fig"}).

We observed several copy number alterations in both cell lines for the 38 genes analyzed. The TFK-1 cells exhibited less copy number gains than the HuCCT1 cells in these genes ([Fig. 3F and G](#f3-ijo-56-03-0709){ref-type="fig"}). In both cell lines, we did not observe any variation in the copy numbers for these genes following irradiation. Both cell lines presented copy number gains in *GATA5* (20q) and copy number losses in *ESR1* (6q), *RB1* (13q) and *TP53* (17p) ([Fig. 3F and G](#f3-ijo-56-03-0709){ref-type="fig"}). Additionally, the TFK-1 cells exhibited copy number gains in *VHL* (3p) and *CDH13* (16q). Copy number losses were identified in *KLLN* (10q), *PAX6* and *CD44* (11p), *ATM* and *CADM1* (11q) and *BRCA2* (13q). Homozygous deletion in *CDKN2A* (9p) and *STK11* (19p) was also found in the TFK-1 cells ([Fig. 3F](#f3-ijo-56-03-0709){ref-type="fig"}).

Copy number gains in all doses analyzed in the HuCCT1 cells were observed in *CDKN2A* (9p), *PAX5* (9p), *MGMT* (10q), *PAX6, WT1* and *CD44* (11p), *CADM1* (11q) and *BRCA1* (17q). Copy number losses were identified in *THBS1* (15q), *PYCARD* (16p), *CDH13* (16q) and *STK11* (19p) ([Fig. 3G](#f3-ijo-56-03-0709){ref-type="fig"}).

Considering simultaneous copy number alterations and methylation status, we verified, in the TFK-1 cells, that *ESR1* gene presented both methylation and copy number loss. Likewise, *CDH13* presented both methylation and copy number gain. In the HuCCT1 cells, *ESR1* and *CDH13* presented both methylation and copy number loss. *PAX5, PAX6*, *WT1, CADM1* and *GATA5* presented both methylation and copy number gain.

Discussion
==========

CC are epithelial neoplasms that originate from cholangiocytes and can occur at any region of the biliary system ([@b1-ijo-56-03-0709],[@b36-ijo-56-03-0709]). The incidence of CC is increasing worldwide, being the second most common primary liver malignancy ([@b1-ijo-56-03-0709],[@b2-ijo-56-03-0709],[@b8-ijo-56-03-0709],[@b36-ijo-56-03-0709]).

Surgical resection is the only potential cure for CC ([@b8-ijo-56-03-0709]). Only a few patients are candidates for surgery and the median survival of those with unresectable disease is only 6-12 months ([@b8-ijo-56-03-0709]). Moreover, radiotherapy and chemotherapy can be used only as palliative treatments in these patients ([@b2-ijo-56-03-0709]).

Increasing incidence and the high mortality rate associated wiht CC leads to urgent investigation and the development of novel diagnostic and treatment options. Studies have revealed that human histological samples of CC express NIS at the membrane ([@b10-ijo-56-03-0709],[@b37-ijo-56-03-0709]). Liu *et al* ([@b10-ijo-56-03-0709]) demonstrated that histological samples obtained from 20 patients with CC exhibited a strong NIS expression in both the tumor and adjacent non-tumor areas ([@b10-ijo-56-03-0709]). Within bile duct tumor cells, NIS was located at the plasma membrane in 9 patients, and was likely to be functional ([@b10-ijo-56-03-0709]). Additionally, Kim *et al* ([@b11-ijo-56-03-0709]) demonstrated that only 1 in 60 samples of intrahepatic CC did not express NIS, although this transporter was present at membrane level in only one third of the cases ([@b11-ijo-56-03-0709]). Thus, NIS expression may represent a therapeutic target for CC, since it allows for hte uptake of iodine and its isotopes ([@b10-ijo-56-03-0709],[@b11-ijo-56-03-0709]), allowing the use of metabolic radiotherapy with ^131^I, frequently used with success for thyroid tumors ([@b38-ijo-56-03-0709],[@b39-ijo-56-03-0709]). In this study, we aimed to evaluate the potential benefits of metabolic radiotherapy with ^131^I in extrahepatic (TFK-1) and intrahepatic (HuCCT1) CC cells, using cholangiocytes as controls.

Ionizing radiation (IR) is an effective and common therapeutic approach for cancer ([@b25-ijo-56-03-0709],[@b31-ijo-56-03-0709],[@b40-ijo-56-03-0709]). Cancer patients can be treated with radiotherapy alone or in combination with other treatments approaches, such as surgery or chemotherapy. Radiotherapy with IR has direct effects, which targets nuclear DNA, causing damage by direct DNA ionization, and Indirect effects, which include DNA damage by reactive oxygen species (ROS) production, mainly through water radiolysis. ^131^I presents radioactive physical decay half-life of about 8 days, 81% abundance of 364 keV gamma rays and 89% abundance beta emission of 606 keV, rendering it suitable for metabolic radiotherapy. After the CC cells and cholangiocytes were exposed to ^131^I, we examined how it can potentially be used to treat CC. A clonogenic assay revealed that the CC cells were more sensitive to ^131^I, compared with the cholangiocytes. According to the Bergonie and Tribondeau law ([@b41-ijo-56-03-0709]), highly proliferative tissues with high growth rates and metabolic activity are more sensitive to radiation. Thus, cancer cells are more sensitive to ^131^I compared to cholangiocytes. As a metabolic radiotherapy agent, ^I31^I is uptaken by cells after administration. Therefore, NIS at the cell membrane can be targeted; ^131^I may be a metabolic radiotherapy agent for the treatment of CC. Some studies have suggested the use of ^131^I in intrahepatic CC, as human samples of this type of tumor hihly expressed NIS. However, to the best of our knowledge there are no data available concerning extrahepatic CC human samples ([@b10-ijo-56-03-0709]). The results of this study revealed an increasing NIS expression in both the intra- and extrahepatic cancer cells compared to the cholangiocytes. This fact demonstrates that ^131^I may be a modality with a type of selectivity, leading to a lower NIS expression when comparing the H69 with the CC cells ([Fig. 1](#f1-ijo-56-03-0709){ref-type="fig"}). This suggests great potential for ^131^I, since NIS expression is upregulated in various types of cancer, including liver cancer ([@b12-ijo-56-03-0709],[@b37-ijo-56-03-0709]). Moreover, NIS can participate in cell migration and invasion during carcinogenesis ([@b42-ijo-56-03-0709]-[@b46-ijo-56-03-0709]). As regards gene expression, there was a higher NIS expression in the TFK-1 cells compared with the HuCCT1 cells. This expression decreases with increasing doses and increases with time following exposure. Studies have reported different molecules that influence NIS expression, such as pregnancy-associated hormones, among others ([@b47-ijo-56-03-0709],[@b48-ijo-56-03-0709]). These molecules, when suppressed, such as the MAP kinase and PI3K/Akt pathways, and HDAC, can induce an increase in NIS expression. Considering the effects of IR, the results of clonogenic assay demonstrated that ^131^I decreased cell survival. Thus, this assay provides indirect information about proliferation, differentiation and cell cycle progression, as PI3K/Akt signaling affects cell growth, survival, differentiation and proliferation ([@b49-ijo-56-03-0709]).

The findings of this study demonstrated that the CC cells could uptake ^131^I. Our results revealed that both cancer cell lines could uptake ^131^I, which was higher in the TFK-1 cells, associated with the existence of NIS expression, data corroborated by the study of Liu *et al* ([@b42-ijo-56-03-0709]).

As regards NIS expression, a selectivity for ^131^I is another explanation for the higher survival rate of cholangiocytes, compared to the CC cells. The results confirmed that ^131^I affected all cell lines, with a higher expression in the cancer cells. The results obtained by clonogenic assay corroborated those stated by the Bergonie and Tribondeau law ([@b41-ijo-56-03-0709]). Cell viability analyses demonstrated a significant decrease in TFK-1 cell viability, with a significant increase in the apoptotic cells. As regards the HuCCt1 cells, there were no alterations in cell viability, apart from a slightly increase in initial cell apoptosis. Cell cycle analysis revealed that there were no alterations compared with the control, with most of the cells presenting in the G~0~/G~1~ phase, a quiescent phase.

The molecular mechanisms responsible for carcinogenesis and tumor progression are poorly characterized in intrahepatic CC. The management and treatment of this type of cancer remains a challenge, due to the late diagnosis and lack of effective treatments, and a lack of promising novel therapeutic approaches. This can be due to existing data indicating that intrahepatic CC is a heterogeneous tumor ([@b50-ijo-56-03-0709]). This heterogeneity is sustained on alterations of inflammatory pathways as the continuous production of inflammatory cytokines, oxidative stress by the induction of inducible nitric oxide synthase (iNOS) that leads to oxidative and nitrosative DNA damage, as well as an increased cell turnover and inhibition of DNA repair. This type of tumor can be characterized as a stepwise cancer model, where the accumulation of inflammatory-mediated genetic and epigenetic alterations can explain dysplastic lesions that can lead to cancer ([@b51-ijo-56-03-0709]). In this study, cytogenetic, genomic and methylation approaches revealed several numerical and structural chromosomal abnormalities and methylated genes in the CC cells. The TFK-1 cells presented more structural alterations, such as isochromosomes and specifically exhibited the loss of 4q, 9p, 9q, 11p, 17p, 19p and 21q, and the gain of 1p, 2p, 3p and 15q. The HuCCT1 cells exhibited the loss of 4p, 8p and 10p, and the gain of 5q, 7p, 8q, 11q, 12p, 14q and 20p, and almost a total gain of the Y chromosome. This comprehensive characterization of CC cells may contribute to enriching the resources available for CC research. However, it is important to continue to describe the possible effects induced by ^131^I on cholangiocarcinoma, namely its influence on oxidative stress, genotoxicity. Moreover, the influence of NIS gene expression manipulation on the effects of ^31^I on CC cells, as well as the effects of ^131^I therapy on animal models remains unclear, and future studies are warranted to address these issues.

In conclusion, the results of this study revealed the great significance of NIS expression in the therapeutic response to ^131^I. We demonstrated that NIS expression was higher following the irradiation of the CC cells compared to cholangiocytes, which indicates that NIS may be a specific therapeutic target for CC. We demonstrated that ^131^I decreased CC cell viability and survival in a cell type- and dose-dependent manner. The different cellular responses to treatment may be due to differences in gene expression and methylation profiles. Thus, it was demonstrated that NIS in may be crucial for the efficacy of ^131^I-based therapy.
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NIS

:   natrium-iodide symporter

^131^I

:   iodine-131

![NIS protein expression examined by immunofluorescence. Representative images (A) of NIS expression in cholangiocytes (H69 cells) and cholangiocarcinoma cell lines, TFK-1 and HuCCTl, obtained by immunofluorescence. Images represent NIS total and membrane expression on control cells and cells exposed to 20 Gy of ^131^I. NIS expression as the mean intensity of fluorescence in (B) H69, (C) TKF-1 and (D) HuCCTlcells. (E) Total NIS expression and (F) membrane NIS expression of all cell lines are expressed as mean intensity of fluorescence (MIF). Results were obtained with a minimum of 3 experiments. Graphs represent the means ± standard error. Statistical significant differences are identified with an asterisk (\*). \*P\<0.05, \*\*P\<0.01 and \*\*\*P\<0.001. NIS, natrium-iodide symporter; ^131^I, iodine-131.](IJO-56-03-0709-g01){#f1-ijo-56-03-0709}

![Effects of irradiation with ^131^I on cell survival (A-D), cell viability (E and F) and cell cycle (G-I). Cell survival was assessed by clonogenic assay, and expressed as a percentage of the survival factor of the cholangiocyte cell line H69 (A) and CC cells TFK-1 (B) HuCCTl (C) and comparison between all three cell lines (D) Cell viability and type of cell death assessed by AnV-IP double labeling, expressed as a percentage of cells, in CC cell lines (E) TFK-1 and (F) HuCCT1. Evaluation of cell cycle alterations as assessed by propidium iodide labeling in CC cells (G) TFK-1 and (H) HuCCT1, as well as comparison between the two CC cell lines (I) are expressed as a percentage of cell blockade at each cell cycle phase. The results for each analysis are expressed as the means ± standard error and were obtained with a minimum of 3 independent experiments in duplicate. Statistical significant differences are identified with an asterisk (\*). \*P\<0.05, \*\*P\<0.01 and \*\*\*P\<0.001. NIS, natrium-iodide symporter; ^131^I, iodine-131.](IJO-56-03-0709-g02){#f2-ijo-56-03-0709}

###### 

(A and B) Cytogenetic analysis, (C) copy number alterations by aCGH. (A and B) Cytogenetic analysis by a karyogram of a representative G-banded metaphase, showing the most frequent imbalances observed in the (A) TKF-1 and (B) HuCCT1 cell lines. (C) Copy number alterations by aCGH, by an idiogram of TKF-1 and HuCCT1 cell lines with genomic characterization obtained by aCGH. TKF-1 cell line is represented in light grey and HuCCT1 cell line in dark grey. Losses are represented on the left and gains on the right. (D and E) Methylation signature and (F and G) copy number alterations based on MS-MLPA. Representation of methylated genes in the (D) TFK-1 and (E) HuCCT1 cells following exposure to irradiation based on MS-MLPA analysis. Copy number alterations in (F) TFK-1 and (G) HuCCT1 cells based on MS-MLPA analysis, where red represents losses and blue the gains of genetic material.
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###### 

^131^I uptake by the CC cell lines TFK-1 and HuCCT1.

  Cell line   Maximal uptake   Half time   r^2^                
  ----------- ---------------- ----------- ------ ------------ ------
  TFK-1       0.20             0.19-0.21   3.30   2.56-4.04    0.94
  HuCCT1      0.13             0.11-0.15   1.58   −0.27-3.44   0.64

The results are expressed as maximal uptake and half-time, with the95% confidence interval (CI), with a minimum of 3 experiments performed in duplicate. CC, cholangiocarcinoma; ^131^I, iodine-131. The r^2^ value represent the coefficient of adjustment to the uptake curves obtained from the experimental data.

###### 

mRNA expression of NIS.

  --------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
  Dose (Gy)   Time of evaluation following ^131^I exposure                                                                                                                                                                                                                                               
  ----------- ------------------------------------------------------- ------------------------------------------------------- -------------------------------------------------------- -------------------------------------------------------- -------------------------------------------------------- -------------------------------------------------------
  1           3.477±0.195                                             0.000132±0.000028                                       5.087±0.103\                                             3.736±0.086\                                             11.718±0.183\                                            7.407±0.390\
                                                                                                                              P=0.049[a](#tfn3-ijo-56-03-0709){ref-type="table-fn"}    P=0.003[a](#tfn3-ijo-56-03-0709){ref-type="table-fn"}    P=0.049[a](#tfn3-ijo-56-03-0709){ref-type="table-fn"}    P=0.003[a](#tfn3-ijo-56-03-0709){ref-type="table-fn"}

  20          0.748±0.160\                                            0.0189±0.0002                                           9.205±0.327\                                             4.059±0.403\                                             5.759±0.103\                                             7.006±0.593\
              P=0.003[d](#tfn6-ijo-56-03-0709){ref-type="table-fn"}                                                           P=0.002[b](#tfn4-ijo-56-03-0709){ref-type="table-fn"}\   P=0.003[b](#tfn4-ijo-56-03-0709){ref-type="table-fn"}    P=0.002[b](#tfn4-ijo-56-03-0709){ref-type="table-fn"}\   P=0.003[b](#tfn4-ijo-56-03-0709){ref-type="table-fn"}
                                                                                                                              P=0.03[e](#tfn7-ijo-56-03-0709){ref-type="table-fn"}                                                              P=0.02[f](#tfn8-ijo-56-03-0709){ref-type="table-fn"}     

  60          2.473±0.143\                                            0.0215±0.0008\                                          4.688±0.490\                                             0.964±0.037\                                             5.426±0.289\                                             0.000050±0.000004\
              P=0.003[d](#tfn6-ijo-56-03-0709){ref-type="table-fn"}   P=0.049[d](#tfn6-ijo-56-03-0709){ref-type="table-fn"}   P=0.003[c](#tfn5-ijo-56-03-0709){ref-type="table-fn"}\   P=0.003[c](#tfn5-ijo-56-03-0709){ref-type="table-fn"}\   P=0.003[c](#tfn5-ijo-56-03-0709){ref-type="table-fn"}\   P=0.003[c](#tfn5-ijo-56-03-0709){ref-type="table-fn"}
                                                                                                                              P=0.03[e](#tfn7-ijo-56-03-0709){ref-type="table-fn"}     P=0.049[e](#tfn7-ijo-56-03-0709){ref-type="table-fn"}    P=0.02[f](#tfn8-ijo-56-03-0709){ref-type="table-fn"}     
  --------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------

Results of mRNA NIS expression in the CC cell lines, TFK-1 and HuCCT1, following irradiation with 1, 20 and 60 Gy of ^131^I. The results were obtained at 2, 48 h and 12 days following irradiation. Results are expressed as the means ± standard deviation of at least 3 experiments. NIS, natrium-iodide symporter; ^131^I, iodine-131; CC, cholangiocarcinoma. Comparisons are represented as:

Differences between times following exposure, following irradiation with 1 Gy;

differences between times following exposure, following irradiation with 20 Gy;

differences between times following exposure, following irradiation with 60 Gy;

differences between doses, 2 h after exposure to irradiation;

differences between doses, 48 h following exposure to irradiation;

differences between doses, 12 days following exposure to irradiation.

###### 

Comparisons among the results obtained by the 3 techniques used in this study for the TFK-1 and HuCCT1 cell lines.

  ----------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
  Chr   TFK-1 control                                 TFK-1 60 Gy                                                                                                                                                                                                                   
  ----- --------------------------------------------- ---------------- ------ ---------------- ---------- -------------------------------------- ------------ --------------------------------------------- ---------------- ------------ ---------------- ------ ----------------- ------------
  1     1 normal\                                     p36.33\          4\     p36.33 p34.1     2                                                              1 normal;\                                    p36.33\          4\           p36.33 p34.1     2                        
        1 dup([@b1-ijo-56-03-0709])(p22p32)\          p34.1 p12\       4\                                                                                     1 dup([@b1-ijo-56-03-0709])(p22p32);\         p34.1 p12\       4\                                                     
        1 i([@b1-ijo-56-03-0709])(q11.1)\             q21.1 q44        5                                                                                      1 i([@b1-ijo-56-03-0709])(q11.1);\            q21.1 q44        5                                                      
        1 der([@b1-ijo-56-03-0709])t(1;15)\                                                                                                                   1 der([@b1-ijo-56-03-0709])t(1;15)\                                                                                   
        (p11;p11)\                                                                                                                                            (p11;p11);\                                                                                                           
        1 del([@b1-ijo-56-03-0709])(q12)                                                                                                                      1 del([@b1-ijo-56-03-0709])(q12)                                                                                      

  2     2\~3 normal\                                  p25.3 p14\       4\     q22.1 q31.1      2.5\                                                           2\~3 normal;\                                 p25.3-p14\       4\           p22.1\           2.5\                     
        1 del([@b2-ijo-56-03-0709])(q21)              p11.11\          4\                      2                                                              1 del([@b2-ijo-56-03-0709])(q21)              p11.11\          4\           q22.1\           2.5\                     
                                                      q37.3            4                                                                                                                                    q37.3            4            q31.1\           2\                       
                                                                                                                                                                                                                                          q33.3            2                        

  3     2 nomal\                                      p26.3-p21.31\    4\     q22.2\           2\         VHL\                                                2 nomal;\                                     p26.3-p21.31\    4\           q22.2\           2\     VHL\              
        2 del([@b3-ijo-56-03-0709])(p14p21)           p14.2-p11.1\     4\     p21.31-p14.2     2          (3p25.3)                                            2 del([@b3-ijo-56-03-0709])(p14p21)           p14.2-p11.1\     4\           p21.31-p14.2     2      (3p25.3)          
                                                      q11.1-q29        4                                                                                                                                    q11.1-q29        4                                                      

  4     2 normal                                                              p15.2\           2.5\                                                           2 normal                                      p16.3\           4\           p15.2\           2.5\   CASR\             
                                                                              q11-q33.2        2.5                                                                                                          p16.2\           5\           p16.3\           2\     (3q13.33 q21.1)   
                                                                                                                                                                                                            p16.1\           4.5\         q11-q33.2        2.5                      
                                                                                                                                                                                                            q25\             4\                                                     
                                                                                                                                                                                                            q35.2            5                                                      

  5     1 normal\                                     p15.33\          7\     p15.33-p15.31\   2\                                                             1 normal\                                     p15.33\          7\           p15.33-p15.31\   2\                       
        2 i([@b5-ijo-56-03-0709])(p11.1)\             p15.31-p11       7      p13.2\           1.5\                                                           2 i([@b5-ijo-56-03-0709])(p11.1)\             p15.31-p11       7            p13.2\           1.5\                     
        1 del([@b5-ijo-56-03-0709])(p15)                                      q34              1                                                              1 del([@b5-ijo-56-03-0709])(p15)                                            q34              1                        

  6     2 normal\                                                             p25.3\           2\                                                ESR1\        2 normal\                                     q23.2            4            p25.3            2                        ESR1\
        1 del([@b6-ijo-56-03-0709])(p25)                                      q12-q25.3        2                                                 (6q25.1)     1 del([@b6-ijo-56-03-0709])(p25)                                                                                      (6q25.1)

  7     3 normal                                      p22.3            6      q36.3            2                                                              3 normal                                      p22.3\           6\           q36.3\           2\                       
                                                                                                                                                                                                            q11.1-q11.21\    4\           q21.3            2                        
                                                                                                                                                                                                            q21.3            4                                                      

  8     2 \~ 3 normal                                 p23.3-p23.2\     4\     p23.1\           2\                                                             2 \~ 3 normal                                 p23.3-p23.2\     4\           p23.1\           2\                       
                                                      q11.1            4      p11.23\          2\                                                                                                           p11.1\           5\           p11.23\          2\                       
                                                                              q21.2\           2\                                                                                                           q11.1\           4\           q21.2\           2\                       
                                                                              q21.3            2                                                                                                            q24              4            q21.3            2                        

  9     2 normal\                                     p24.3-p11.2\     2\                                                                        CDKN2A\      2 normal\                                                                   p24.3-p11.2\     2\                       CDKN2A\
                                                      p21.3\           0\                                                                        (9p21.3)                                                                                 p21.3\           0\                       (9p21.3)
                                                      q21.11-q33.2     2                                                                                                                                                                  q21.11-q33.2     2                        

  10    3 normal                                      q11.22\          2\                                                                        KLLN\        3 normal                                                                    q11.22\          2\                       KLLN\
                                                      q23.31\          2\                                                                        (10q23.31)                                                                               q23.31\          2\                       (10q23.31)
                                                      q24.32           1.5                                                                                                                                                                q24.32           1.5                      

  11    1 normal\                                     p11.2-p11.12     4      p15.5-p11.2      2                                                 PAX6\        1 normal\                                     p11.2-p11.12     4            p15.5-p11.2      2                        PAX6\
        2 del([@b11-ijo-56-03-0709])(p11)                                                                                                        (11p13)\     2 del([@b11-ijo-56-03-0709])(p11)                                                                                     (11p13)\
                                                                                                                                                 CD44\                                                                                                                              CD44\
                                                                                                                                                 (11p13)\                                                                                                                           (11p13)\
                                                                                                                                                 ATM\                                                                                                                               ATM\
                                                                                                                                                 (11q22.3)\                                                                                                                         (11q22.3)\
                                                                                                                                                 CADM1\                                                                                                                             CADM1\
                                                                                                                                                 (11q23.3)                                                                                                                          (11q23.3)

  12    2 \~3 normal                                                          p13.31           1                                                              2 \~3 normal                                                                p13.31           1                        

  13    1 normal                                                              q12.11-q34       2                                                 BRCA2\       1 normal                                                                    q12.11-q34       2                        BRCA2\
                                                                                                                                                 (13q13.1)\                                                                                                                         (13q13.1)\
                                                                                                                                                 RB1\                                                                                                                               RB1\
                                                                                                                                                 (13q14.2)                                                                                                                          (13q14.2)

  14    2 normal\                                     q12\             4\     q11.2-q12        2.5                                                            2 normal\                                     q12\             4\           q11.2-q12        2.5                      
        1 der([@b14-ijo-56-03-0709])t(6;14)\          q13.3-q21.1\     4\                                                                                     1der([@b14-ijo-56-03-0709])t(6;14)\           q13.3-q21.1\     4\                                                     
        (p11;q11)\                                    q32.33           6                                                                                      (p11;q11)                                     q32.2\           4\                                                     
                                                                                                                                                                                                            q32.33           6                                                      

  15    2 normal\                                     q11.2-q26.3      6                                                                                      2 normal\                                     q11.2-q26.3      6                                                      
        1 der([@b15-ijo-56-03-0709])t(15;?)(q11;?)\                                                                                                           1 der([@b15-ijo-56-03-0709])t(15;?)(q11;?)\                                                                           
        1 i([@b15-ijo-56-03-0709])(p11)                                                                                                                       1 i([@b15-ijo-56-03-0709])(p11)                                                                                       

  16    3 \~4 normal\                                 p13.3-p11.1\     4\     p13.11\          2\         CDH13\                                              3 \~4 normal\                                 p13.3-p11.1      4\           p13.11\          2\     CDH13\            
                                                      q11.2-q24.2      4      q23.3\           2\         (16q23.3)                                           q11.2-q24.2\                                                   4            q23.3\           2\     (16q23.3)         
                                                                              q24.2            2                                                                                                                                          q24.2            2                        

  17    2 normal 1\                                   q11.1-q25.3      4      p13.3-p11.2\     2\         TP53\                                               2 normal\                                     q11.1-q25.3      4            p13.3-p11.2\     2\     TP53\             
        i([@b17-ijo-56-03-0709])(q11.1)                                       q11.2            2          (17p12)\                                            1 i([@b17-ijo-56-03-0709])(q11.1)                                           q11.2            2      (17p12)\          
                                                                                                          PMP22\                                                                                                                                                  PMP22\            
                                                                                                          (17p12)                                                                                                                                                 (17p12)           

  18    2 normal                                                              p11.32-p11.21\   2\                                                             2 normal                                                                    p11.32-p11.21\   2\                       
                                                                              q11.1-q23        2                                                                                                                                          q11.1-q23        2                        

  19    2\~ 3 normal                                  q11-q13.12       4      p13.3-p12        2                                                 STK11\       2\~ 3 normal                                  q11-q13.12       4            p13.3-p12        2                        STK11\
                                                                                                                                                 (19p13.3)                                                                                                                          (19p13.3)

  20    3 normal                                      q11.21-q13.33    4      p12.1            1          GATA5\                                              2\~ 3 normal                                  q11.21-q13.33    4            p12.1            1      GATA5\            
                                                                                                          (20q13.33)                                                                                                                                              (20q13.33)        

  21    2 \~3 normal                                                          q11.2-q22.3      2                                                              2 normal                                                                    q11.2-q22.3      2                        

  22    3 normal                                                              q13.2            1                                                              2\~ 3 normal                                                                q13.2            1                        

  X     1 normal                                      q26.3            2                                                                                      1 normal                                      p22.33-p11.1\    1\                                                     
                                                                                                                                                                                                            q11.1-q28        1                                                      

  Y     \~1 normal                                                            q11.223-q11.23   1                                                              1 normal                                      p11.32           2                                                      

  1     3 normal\                                     q21.1-q44        4                                                                                      2 a 3 normal\                                 p36,33\          4\           p36.21\          2\                       
        1der([@b1-ijo-56-03-0709])t(1;6)\                                                                                                                     1 der([@b1-ijo-56-03-0709])t(6;14)            p36.13\          4\           q32.1\           2\                       
        (q11.1;p11.1)                                                                                                                                                                                       p33\             4\           q32.2            2.5                      
                                                                                                                                                                                                            p31.1\           2\                                                     
                                                                                                                                                                                                            q21.1 q44        4                                                      

  2     3 normal                                      p11.1\           4\     q11.2-q12.1\     2\                                                MSH6\        3 normal                                      p21\             4\           p22.1\           2\                       MSH6\
                                                      q14.1\           4\     q22.1\           2\                                                (2p16.3)                                                   p16.3\           4\           q11.2-q12.1\     2\                       (2p16.3)
                                                      q31.1            4      q24.2            2                                                                                                            p12 p11.2\       4\           q24.2\           2\                       
                                                                                                                                                                                                            p11.1\           4\           q31.1            2                        
                                                                                                                                                                                                            q14.2\           4\                                                     
                                                                                                                                                                                                            q14.3\           4\                                                     
                                                                                                                                                                                                            q14.1\           4\                                                     
                                                                                                                                                                                                            q31.1\           4\                                                     
                                                                                                                                                                                                            q23.3 q24.1      4                                                      

  3     2 normal 1\                                   p26.3\           4\     p14.2-p11.1      2                                                              1\~2 normal\                                  p26.3-p25.2\     3.5\         p14.2-p11.1      2                        
        del([@b3-ijo-56-03-0709])                     p12.3\           4\                                                                                     1\~2 del([@b3-ijo-56-03-0709])                p12.3\           4\                                                     
                                                      q11.1-q29        4                                                                                                                                    q11.1-q29        4                                                      

  4     2 normal\                                     q25\             3.5\   p16.3-p16.1\     2\                                                             2 normal\                                     p16.3\           4\           p16.3-p16.1\     2\                       
        1 der([@b4-ijo-56-03-0709])t(4;?)\            q34.1\           5\     q13.2\           1\                                                             1\~2 der([@b4-ijo-56-03-0709])t(4;?)\         p16.2\           4\           q13.2\           1\                       
        (p16;?)                                       q35.2            3.5    q34.3            1                                                              (p16;?)                                       p16.1\           4\           q34.3            1                        
                                                                                                                                                                                                            p12\             4\                                                     
                                                                                                                                                                                                            q22.3-q23\       4\                                                     
                                                                                                                                                                                                            q25\             3.5\                                                   
                                                                                                                                                                                                            q34.1\           5\                                                     
                                                                                                                                                                                                            q35.2            3.5                                                    

  5     4 normal\                                     p15.33-p11\      4.5\                                                                                   4 normal\                                     p15.33-p11\      4.5\                                                   
        1 i(5p)                                       q11.1-q35.3      4                                                                                      1 i(5p)                                       q11.1-q35.3      4                                                      

  6     2 normal                                      q12              4      p25.3\           2\                                                ESR1\        2 normal                                      p21.1\           4\           p25.3\           2\                       ESR1\
                                                                              p21.32\          1\                                                (6q25.1)                                                   q11.1-q12\       4\           p21.32\          1\                       (6q25.1)
                                                                              q12-q27          2                                                                                                            q25.3            4            q12-q27          2                        

  7     3 normal\                                     p22.3-p11.2\     4\                                                                                     2\~3 normal\                                  p22.3-p11.2\     4\           q11.23\          2\                       
        1 der([@b7-ijo-56-03-0709])t(7;?)             q11.21\          6\                                                                                     1 der([@b7-ijo-56-03-0709])t(7?)              q11.2-q11.23\    4\           q31.2            2                        
                                                      q21.11-q21.3     5                                                                                                                                    q11.21\          6\                                                     
                                                                                                                                                                                                            q21.11-q21.3\    5\                                                     
                                                                                                                                                                                                            q32.3\           4\                                                     
                                                                                                                                                                                                            q36.2            4                                                      

  8     3 normal                                      p11.23-p11.1\    3.5\   p23.3-p11.23     2.5                                                            2\~3 normal                                   p11.23-p11.1\    3.5\         p23.3-p11.23     2.5                      
                                                      q11.1-q24.3      4                                                                                                                                    q11.1-q24.3      4                                                      

  9     3 normal                                      p23\             4\                                 PAX5\                                               2\~3 normal                                   p24.3-p13.1\     4\           q34.11           2      PAX5\             
                                                      p21.3-p21.2      3.5                                (9p13.2)\                                                                                         q21.31-q21.32\   4\                                   (9p13.2)\         
                                                                                                          CDKN2A\                                                                                           q34.3            3.5                                  CDKN2A\           
                                                                                                          (9q21.3)                                                                                                                                                (9q21.3)          

  10    2 normal                                      q21.1\           4\     p15.3-p11.23\    2\         MGMT\                                               2\~3 normal\                                  p11.21-p11.1\    4\           p15.3-p11.23\    2\     MGMT\             
                                                      q23.1\           4\     q23.1            2          (10q26.3)                                           1\~2 del([@b10-ijo-56-03-0709])\              q11.21-q26.3     4            q23.1            2      (10q26.3)         
                                                      q26.11           4                                                                                      (p11.2)                                                                                                               

  11    3 normal;\                                    p14.1-p11.12\    5\     q11                         PAX6\                                               2 normal\                                     p14.1-p11.12\    5\           p15.4\           2\     PAX6\             
        2 der([@b11-ijo-56-03-0709])t(11;14)\         q11-q25          5                                  (11p13)\                                            2der([@b11-ijo-56-03-0709])t(11;14)\          p15.5-q11 q25    4\           q11              1      (11p13)\          
        (p14;q22)                                                                                         WT1\                                                (p14;q22)                                                      5                                    WT1\              
                                                                                                          (11p13)\                                                                                                                                                (11p13)\          
                                                                                                          CD44\                                                                                                                                                   CD44\             
                                                                                                          (11p13)\                                                                                                                                                (11p13)\          
                                                                                                          CADM1\                                                                                                                                                  CADM1\            
                                                                                                          (11q23.3)                                                                                                                                               (11q23.3)         

  12    3 normal                                      p13.33-p11.1     5      p13.31           1.5                                                            3 normal                                      p13.33-p11.1\    5\           p13.31           1.5                      
                                                                                                                                                                                                            q12-q13.12\      4\                                                     
                                                                                                                                                                                                            q14.1\           4\                                                     
                                                                                                                                                                                                            q21.1            4                                                      

  13    2 normal                                                              q12.11-q34       2                                                 RB1\         1\~2 normal                                                                 q12.11-q34       2                        
                                                                                                                                                 (13q14.2)                                                                                                                          

  14    2 normal\                                     q13.1\           4\     q11.2-q21.1      2                                                              2 normal\                                     q13.1\           4\           q11.2-q21.1      2                        
        1 14p+\                                       q22.1-q32.33     5                                                                                      1 14p+ 1der([@b14-ijo-56-03-0709])t(14;7)\    q21.1-q21.3\     4\                                                     
        1der([@b14-ijo-56-03-0709])t(14;7)\                                                                                                                   (q11.1;q11.1)                                 q22.1-q32.33     5                                                      
        (q11.1;q11.1)                                                                                                                                                                                                                                                               

  15    3 normal\                                                                                                                                THBS1\       3 normal                                                                    q26.3            4                        THBS1\
        1 der([@b15-ijo-56-03-0709])                                                                                                             (15q14)                                                                                                                            (15q14)

  16    3 normal                                                              p13.3-p11.2\     2\                                                PYCARD\      2 normal                                                                    p13.3-p11.2\     2\                       PYCARD\
                                                                              q11.2-q24.3      2                                                 (16p11.2)\                                                                               q11.2-q24.3      2                        (16p11.2)\
                                                                                                                                                 CDH13\                                                                                                                             CDH13)\
                                                                                                                                                 (16q23.3)                                                                                                                          (16q23.3

  17    2 normal\                                     p11.2-p11.1\     4\                                 BRCA1\                                 TP53\        3 normal                                      p11.2-p11.1\     4\           p13.12\          2\     BRCA1\            TP53\
        1 der([@b17-ijo-56-03-0709])                  q11.1-q25.3      4                                  (17q21.31)                             (17p12)                                                    p13.1\           4\           q22\             0.5\   (17q21.31)        (17p12)
                                                                                                                                                                                                            q11.1-q25.3      4            q23.1            2                        

  18    2 normal                                                              p11.32-p11.21\   2\                                                             2 normal                                      q23.3-q24.1      4            p11.32 p11.21\   2\                       
                                                                              q11.1-q23        2                                                                                                                                          q11.1-q23        2                        

  19    2 normal                                      p13.11-p12       4                                                                         STK11\       3 normal                                      p13.11-p12\      4\                                                     STK11\
                                                                                                                                                 (19p13.3)                                                  q11\             4\                                                     (19p13.3)
                                                                                                                                                                                                            q13.12-q13.13\   4\                                                     
                                                                                                                                                                                                            q13.41-q13.43    4                                                      

  20    3 normal                                      p13-p11.1\       4\     GATA5\           3 normal   p13-p11.1\                             4\           q11.23                                        2.5              GATA5\                                                 
                                                      q11.21-q13.33    4      (20q13.33)                  q11.21-q13.33                          4                                                                           (20q13.33)                                             

  21    1 normal                                                                                          2\~3 normal                                                                                                                                                               

  22    1 normal\                                                                                         1 normal\                                           q11.22-q11.23                                 2.5                                                                     
        2 der([@b22-ijo-56-03-0709])t(9;22)\                                                              2 der([@b22-ijo-56-03-0709])t(9;22)\                                                                                                                                      
        (p21?;q11.1)                                                                                      (p21?;q11.1)                                                                                                                                                              

  X     2 normal                                      p22.33-p11.1\    2\                                 2 normal                                            p11.23\                                       2\                                                                      
                                                      q11.1-q25        2                                                                                      p22.33-p11.1\                                 2\                                                                      
                                                                                                                                                              q11.1-q28                                     2.5                                                                     

  Y     1 normal                                      p11.32-p11 31\   1.5\                               1\~2 normal                                         q11.23\                                       1.5\                                                                    
                                                      p11.2\           1.5\                                                                                   p11.32-p11 31\                                1.5\                                                                    
                                                      q11.1-11.21      1.5                                                                                    p11.2\                                        1.5\                                                                    
                                                                                                                                                              q11.1-11.21                                   1.5                                                                     
  ----------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------

CN, copy number.
